A 3D printer was used to realize custom-made diffractive THz lenses. After testing several materials, phase binary lenses with periodic and aperiodic radial profiles were designed and constructed in polyamide material to work at 0.625 THz. The nonconventional focusing properties of such lenses were assessed by computing and measuring their axial point spread function (PSF). Our results demonstrate that inexpensive 3D printed THz diffractive lenses can be reliably used in focusing and imaging THz systems. Diffractive THz lenses with unprecedented features, such as extended depth of focus or bifocalization, have been demonstrated.
Many applications of THz radiation such as THz imaging or THz spectroscopy require passive devices for guiding and manipulating this type of radiation, including filters [1] , waveguides [2] , waveplates [3] , and lenses [4, 5] . Several polymers with low absorbance and dispersion [6] are used to obtain THz lenses and, consequently, the variety of commercially available THz lenses is increasing. However, in many cases custom-made THz lenses with a special design are required. Individual refractive THz lenses are mainly manufactured from bulk polymers by milling, turning, or compression molding of polymer powders [5] . In particular, for geometrically complex lenses, this requires high effort and sometimes results in an unwanted waste of material.
In THz setups, beam shaping optical elements are very important in almost every application. Mirrors and lenses should allow improved sensitivity of detection, what is crucial in this range of the electromagnetic radiation, where there is a lack of high-power sources and sensitive detectors. Therefore, as happens in the visible range, THz technology could benefit from novel diffractive structures with unique properties designed for special applications. In fact, some diffractive THz optical elements have been proposed [7] [8] [9] [10] ; their assessments indicate that the performance of diffractive THz lenses is comparable, or even better, than that obtained with their refractive homologous. Additionally, diffractive lenses can be fabricated with high numerical aperture [11] and allow for linear and compact setups. However, customized diffractive lenses made by conventional techniques such as reactive ion etching [12] or lathe turning [13] are not widely available because their construction consists of several steps and requires specialized equipment. In this regard, Komlenok et al. [14] demonstrated the possibility of fabricating a silicon multilevel THz diffractive optical element, constructed by means of laser ablation process.
Very recently, 3D printing technology has begun to be employed to construct spherical [15] , aspherical [16] , and hyperbolic lenses [17] for THz and sub-THz radiation ranges. In an effort to provide rapid and low-cost solutions of complex THz lenses in this Letter, we propose the use of 3D printing technology for constructing nonconventional fractal [18] and Fibonacci [19] , and THz binary diffractive lenses. The performance of these prototypes was numerically evaluated and experimentally tested.
Several 3D printing materials, including nylon polyamide (PA6) and acrylonitrile-butadiene-styrene (ABS) with two different densities, were tested. In particular, we measured their absorption coefficient and refractive index in the 0.1-2.0 THz frequency range, using time domain spectroscopy (TDS) [20] . A commercial equipment, TPS Spectra 3000 (Teraview, Ltd., Cambridge, UK), was used to this end. During the measurement, two spectrograms were obtained: a reference spectrogram, to take into account the influence of the setup; and a spectrogram of the investigated material using a probe of constant thickness. The transmission type measurement, executed in the time domain, provided the phase difference of the radiation passing through the sample φ s and the reference setup φ r ; then, the refractive index as a function of frequency, ν, was calculated in terms of the sample thickness, d , as [21] [22] [23] 
The results are presented in Fig. 1 . Prototypes of diffractive lenses were constructed in these materials to select the one that presented the highest fidelity compared to the original design PA 6 with a refractive index n 1.59, and absorption coefficient 3.09 cm −1 at 0.625 THz was selected for the realization of the lenses. Unless this material was previously characterized by using a THz time-domain spectrometry in the frequency range 2-15 THz [24] , to the best of our knowledge, to date PA6 has not been measured for lower frequencies or used to construct diffractive lenses.
In designing THz diffractive lenses, we followed the procedure described in detail in [18] and [19] . In this case, the fractal zone plate was based on a triadic Cantor set for stage 2, and the Fibonacci zone plate was based on the Fibonacci sequence of order 5. Figure 2 shows the experimental models which were designed using a browser-based CAD software (Tinkercad.com) and constructed with a 0.3 mm spatial resolution by an online 3D printing service (i.materialise, Leuven, Belgium), which were made from a polyamide granular powder by selective laser sintering technique.
The diameter of the Fresnel and fractal lenses was 4.62 cm, having the main focal distance (first diffraction order) f 12.35 cm. The bifocal Fibonacci lens diameter was 4.94 mm, with focal distances f 1 12.9 cm and f 2 20.0 cm. All lenses had the same base layer thickness, 1 mm, and groove height, 0.4 mm; which has been calculated to provide alternating zones with a 0 and π phase delay for the design frequency, 625 GHz.
Using the nonparaxial scalar diffraction theory, the axial irradiance provided by these lenses of a given radius a was numerically evaluated as
where λ is the wavelength, z is the propagated distance, and ϕζ defines the phase distribution of the studied lens represented in terms of the square normalized radial coordinate, ζ r∕a 2 . The phase function ϕζ for Fresnel lenses can be written as a Ronchi-type periodic binary function with period p:
where p 2∕9 for the Fresnel lens shown in Fig. 2(a) , and the function modx; y gives the remainder on division of x by y. The corresponding phase function ϕζ for triadic Cantor lenses developed up to a certain growing stage S can be written as the above periodic function as
being S 2 for the fractal lens shown in Fig. 2(b) . In the case of a Fibonacci lens of order S, the phase function ϕζ is given by ϕζ ϕ Fibonacci ζ; S X F S i0 rectζF S1 0.5 ⌊iφ⌋; Frequency (THz) Letter where F j is the Fibonacci number of order j, φ is the golden ratio [19] , and ⌊x⌋ denotes the largest integer less than or equal to x. Figure 2(c) shows a Fibonacci lens of order S 5.
The experimental setup for the optical characterization of the lenses is shown in Fig. 3 . The axial point spread function (PSF) was measured with a 625 GHz beam provided by a VDI frequency multiplier (Virginia Diodes, Inc., Charlottesville, VA, USA). The emitter was equipped with a horn antenna which produced a divergent beam, which was focused by a high-density polyethylene (HDPE) refractive lens into a pinhole (2 mm diameter). Next, the beam was collimated by a second HDPE lens and directed to the investigated diffractive lens. Figures 2(d)-2(f ) show the local irradiance of the electromagnetic field at the plane of the lenses. The local maxima and minima of irradiance were caused by interferences during beam propagation. Besides, the main spots are not perfectly centered because, despite the experimental setup being carefully configured to maintain the center of the beam on the optical axis, a small misalignment still remained. The focal volume was axially scanned with a Schottky diode (equipped with a horn antenna) mounted on a motorized stage. Due to its finite size, the detector integrates the irradiance in an area of 2.5 mm × 2.5 mm around the optical axis.
Experimental results for the axial PSF are represented in Fig. 4 (dotted red points) , together with the numerical results (continuous green lines) computed using Eqs. (2) Summarizing, we have demonstrated the feasibility of realizing high-quality THz diffractive lenses with 3D printing technology. The focusing properties of nonconventional lenses named fractal and Fibonacci zone plates were tested using 0.625 THz beam for the first time, to the best of our knowledge. Using nonparaxial scalar diffraction theory, we have shown numerically the special performance of such lenses which were confirmed experimentally using a simple experimental THz PSF setup. We found that T-ray fractal zone binary lenses have an extended depth of focus, compared with the Fresnel zone plate, which opens the possibility to fabricate optics with low chromatic aberration for wideband THz applications. Concerning diffractive THz optics with extended depth of focus, Agafonov et al. [25] recently presented interesting results of a silicon binary diffractive optical element focusing a THz laser Gaussian beam into a paraxial segment. On the other hand, a bifocal Fibonacci THz lens has been also constructed, which has potential applications in THz quality control systems or THz medical diagnosis and therapy [26] . Moreover, with the advance of the 3D technology, better resolutions will allow the construction of lenses with multilevel (even kinoform) diffractive structures with improved diffraction efficiency.
Although, for our investigations, we have chosen Fresnel, fractal, and Fibonacci lenses of fixed focal lengths, the versatile 3D printing technology can be applied to construct lenses with different focal lengths and geometries (multiorder, elliptical, conical, etc.), and even array of lenses with any spatial distribution. Moreover, the diffraction efficiency can be increased with the number of phase levels. Work is in progress in these directions. 
